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To evaluate the mechanical properties of gastrointestinal (GI) tissue segments and to compare 
them with the urinary bladder for urinary tract reconstruction. 
 
Methods 
Urinary bladders and GI tissue segments were sourced from porcine models (n=6, 7 months 
old [5 male; 1 female]). Uniaxial planar tension tests were performed on bladder tissue and 
Cauchy stress-stretch ratio responses were compared with stomach, jejunum, ileum and 
colonic GI tissue. 
 




The biomechanical properties of the bladder differed significantly to jejunum, ileum and 
colonic GI tissue. Young’s modulus (kPa - measure of stiffness) of the GI tissue segments 
was on average 3.07-fold (± 0.21 standard error) higher than bladder tissue (p<0.01), and the 
strain at Cauchy stress of 50 kPa for bladder tissues was on average 2.27-fold (± 0.20) higher 
than GI tissues. There were no significant differences between the averaged stretch ratio and 
Young’s modulus of the horizontal and vertical directions of bladder tissue (315.05 ± 49.64 
kPa and 283.62 ± 57.04, respectively, p=0.42). However, stomach tissues were 1.09 (± 0.17) 




An ideal urinary bladder replacement biomaterial should demonstrate mechanical 
equivalence to native tissue. Our findings demonstrate that GI tissue does not meet these 
mechanical requirements. Knowledge on the biomechanical properties of bladder and GI 





Surgical repair for end stage bladder disease has utilized vascularized, autologous, mucus-
secreting gastrointestinal (GI) tissue to either replace the diseased organ or to augment 
autologous bladder tissue
1
. A second approach has focused on the development of tissue 
engineered tissues and organs. Methods to evaluate these tissues remains a challenge because 
the functional organ must maintain specific physiologic, immunologic and biochemical 
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properties to protect the functional urinary tract system, most specifically renal function and 
urinary continence.  
 
Preservation of renal function and maintenance of low-intravesical pressure in response to 
increases in intravesical volume are the primary goals when reconfiguring the bowel into a 
spherical storage reservoir. Although GI tissue is frequently applied in reconstructive 
urology; there are no studies that accurately characterise and compare its biomechanical 
properties. This study aims to characterise the baseline mechanical properties of bladder, 
gastric, jejunal, ileal and colonic tissue segments in order to identify the segment that most 
suitably conforms to the baseline biomechanical properties of the urinary bladder.  




2.1 Overview of experimental design 
Urinary bladders and GI tissue segments were sourced from 6 porcine models, all 7 months 
old (5 male; 1 female) from a local abattoir (Fitzgerald’s, Ballylanders, Limerick) 
immediately after euthanasia. All other materials were obtained from CABER (Centre for 
Applied Biomedical Engineering Research, Limerick, Ireland) unless indicated. Ethical 
approval for ex vivo tissue characterization was approved by the University of Limerick’s 
ethics approval process. Porcine tissue was stored in phosphate buffer solution (PBS) at 4°C 
and sample extraction was carried out within 24 hours of euthanasia. Tissue samples were 
isolated from the urinary bladder, stomach, jejunum, ileum, cecum, ascending colon, 
transverse colon, and descending colon. The primary endpoint of the study was to evaluate 
the mechanical properties of the urinary bladder and to compare them with each GI tissue 
segment. The evaluated mechanical property was the level of ‘strain’, or ‘distension’, that 
tissues undergo at a certain stress (50 kPa). The stress values equate to a pressure that the 
bladder tissue undergoes when filling to capacity. Strain is defined as stretch ratio subtracted 
by one, this helps understand the amount of distension in the tissue (for example in figure 3 
where a value of 1.6 stretch ratio equals 0.6 strain, [i.e. the tissues expands by 60% of its 
original length]). 
 
2.2 Mechanical testing 
2.2.1 Measurement of tissue samples 
Two perpendicular samples of tissue were sectioned from each anatomical location to 
evaluate anisotropy, a measure that describes the directional dependence of mechanical 
behavior. All tissue strips were matched for width and length into approximately 20 x 30 mm 
segments (width x length). Thickness was measured with Vernier calipers at three locations 
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throughout each section and validated using noncontact photography (mean thickness: 
bladder: 2.53 ± 0.11 mm, colonic: 1.40 ± 0.05 mm, stomach: 2.75 ± 0.19 mm standard 
error)
2
. Tubular tissue samples (i.e. small and large bowel) were investigated along their axial 
and circumferential axes. Spherical tissue samples (i.e. urinary bladder) were investigated 
along their horizontal (cranial to caudal, C-C) and vertical (for bladder: dorsal to ventral, D-
V, for stomach: medial to lateral; M-L) axes. Tissue samples were clamped at each end in a 
tensile-tester which resulted in testing dimensions of 20 x 10 mm (width x length). 
 
2.2.2 Mechanical testing 
Samples were mechanically characterized sequentially under, separate, circumferential 
(vertical) and axial (horizontal) extension in a PBS bath maintained at 37°C. A dedicated 
device designed for the extension of biological soft tissues (CellScale, Canada) facilitated 
measurement of regional mechanical properties for the urinary bladder and GI tissue 
segments
2
. Gauge length did not exceed 10 mm in any sample (bladder: 6.53 ± 0.15 mm, 
colonic: 6.06 ± 0.09 mm, stomach: 5.23 ± 0.15 mm standard error; range: 4.73 - 9.63 mm). 
Width of the tissue specimens was 18.56 ± 0.47 mm, 17.93 ± 0.35 mm, and 18.8 ± 0.56 mm 
for bladder, colonic, and stomach tissues, respectively. Samples were therefore in planar 
tension as the width to length ratio was greater than 2:1
3
. Planar tension testing is 
advantageous compared to pure tension testing as it provides an enlarged contact area 




2.2.2 Measurement of mechanical properties 
Samples were oriented in their circumferential or axial direction and the edges were placed in 
clamps that were lined with foam-backed sandpaper. A torque of 7.5 cN.m was applied to the 
clamps through a single centrally positioned bolt
5
. The clamped samples were equilibrated to 
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37°C in a PBS bath for 3 minutes prior to testing. The elastic mechanical properties of the 
samples were characterized by stretching samples to a preload of 0.1 N and then subjecting 
them to 10 cycles of extension to a stretch ratio equal to 3 times the sample gauge length at a 
displacement rate of 45 mm/min which equates to a rate of 15 % of the sample gauge length 
per second. This rate was chosen as it was shown to minimize viscous phenomena (i.e. reduce 
hysteresis) and to prevent the dynamic effects that arise at higher rates (unloading stress 
exceeding corresponding loading stress) during preliminary testing
6
. The initial 9 cycles were 
performed to minimize the strain softening effect displayed by soft biological tissues
7
. The 
final cycle was employed to characterize the elastic response of the tissue to extension. The 
extension stretch limit of 3 was chosen as this was the limit of stretch prior to sample 
slippage during preliminary testing. The absence of sample slippage was confirmed by the 
absence of slack in the samples following testing. Young’s modulus, a measure of stiffness of 
solid linear elastic materials, was used to compare the various tissue types and the anisotropy 
of the tissue. As most biological tissue is hyper elastic rather than linear elastic, the Young’s 
modulus was calculated over the stiff linear region in the high stretch domain of each tissue 




2.3 Statistical analysis 
Data are represented as a mean ± standard error of mean (SEM). The normality of all 
variables was examined using Shapiro-Wilk tests. Significant differences were identified 
between groups of continuous variables using Student’s t-test for normally distributed data. A 
one-way anova test with Bonferroni correction was used to compare the averaged mechanical 
properties of the different groups. A p-value (alpha value) of less than 0.05 was considered 
statistically significant.  




3.1 Bladder tissue 
The two plots in figure 1 represent the Cauchy stress-stretch ratio curves of all bladder tissue 
samples tested (3 technical replicates from 6 pigs, black dots) along the horizontal (a) and 
vertical (b) axes of the spherical bladder. The red dash line in each plot represents the Cauchy 
stress–stretch ratio curves constructed from the averaged data of all 18 bladder samples, for 
both directions. There was no significant difference between the averaged Young’s modulus 
(kPa – measure of stiffness, slope of the line) of the horizontal and vertical directions over the 
stiff linear region of the curve (315.05 ± 49.64 kPa and 283.62 ± 57.04, respectively, p=0.42). 
There was also no significant difference between the averaged stretch ratio values of both 
directions at a Cauchy stress value of 50 kPa, P>0.05. A Cauchy stress of 50 kPa was chosen 
as the comparison point as it is the highest stress value attained by most tissue segments 
tested in this study. Similarly, no significant differences were found in the geometric 
measurements, tables 2. 
 
3.2 Gastrointestinal tissue segments 
Figure 2 illustrates the Cauchy stress-stretch ratio curves of gastric, small and large bowel 
tissue segments (a-h) in perpendicular directions (axial/C-C – grey, circumferential/M-L – 
black). Gastric tissue layers display relatively low stiffness (a-b). Colonic tissues display a 
considerably stiffer response in comparison to bladder tissue (c-h; low stretch ratio and high 
Cauchy stress). Furthermore, the colonic and stomach tissues demonstrate apparent 
differences in mechanical response between the axial and circumferential directions, except 
for the jejunum, tables 1 and 2. This anisotropy is further characterised by comparing the 
ratio of axial/C-C and circumferential/M-L Young’s modulus over the stiff linear region of 
the curve, table 1.  
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3.3 Bladder tissue versus gastrointestinal tissue segments 
Figure 3 demonstrates that the strain of the GI tissues at a Cauchy stress of 50 kPa is on 
average 2.27-fold (± 0.20 standard error) higher than bladder tissue in both directions. 
However, there is a similar strain between stomach and bladder tissues (0.85 fold ± 0.03). 
The tissues that display a strain significantly different to native bladder tissue are denoted 
with an asterisk. As can be seen, all tissues characterised in this study, except for the inner 
and outer layer of the stomach, display a significantly different strain under a similar stress 
value when compared to the native bladder tissue. Furthermore, although no significant 
anisotropy was identified between the directional responses of the GI tissue (P>0.05), 
examining the ratio of axial/C-C and circumferential/M-L Young’s modulus demonstrates 
that the GI tissue exhibits a higher degree of anisotropy relative to the bladder tissue (with the 
exception of the descending colon), table 1.  




An ideal bladder substitute graft should accommodate large changes in intravesical volume 
while maintaining almost constant pressure values. From a biomechanical perspective, a 
replacement biomaterial should restore normal function to the bladder to preserve the upper 
urinary tracts. In the 1950s, non-biodegradable synthetic materials such as 
polytetrafluoroethylene (PTFE), silicone, rubber, polyvinyl, and polypropylene were 
investigated as bladder replacement grafts but were found to be mechanically unsuitable. 
Additionally, these materials were susceptible to encrustation, bacterial colonization and 
foreign body reactions 
9, 10
. Consequently, autologous GI tissue has remained the gold 
standard replacement biomaterial for the urinary bladder since initially described 100 years 
ago. Advantages associated with GI tissue are an intact vascular network and widespread 
intracorporal availability. However, our main finding is that the mechanical properties of GI 
tissue segments are severely limited relative to the compliant nature of the urinary bladder. 
 
Although technology in urology has developed rapidly over the last two-decades, the 
development of an ideal urological biomaterial that can reliably augment or replace the 
urinary bladder remains challenging due to the highly elastic and unique biomechanical 
properties of the organ. To our knowledge, this is the first study to comparatively investigate 
the urinary bladder and GI tissue segments from a biomechanical perspective. Our 
mechanical findings were consistently reproducible and may have important clinical 
implications as they emphasize the persistent clinical challenge faced when constructing 
mechanically equivalent biomaterials. Knowledge on the biomechanical properties of normal 
bladder tissue and ‘gold-standard’ GI segments may improve development opportunities for 
more suitable urological reconstructive biomaterials in the future. 
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Recently, there has been extensive interest in developing tissue-engineered urological 
scaffolds derived from biodegradable synthetic meshes and decellularized extracellular 
matrices (ECMs). ECMs are decellularized, biocompatible, biodegradable biomaterials 
usually derived from porcine organs
11, 12
. They are prepared by mechanical, chemical and 





 A recent 
phase 2 clinical trial utilized autologous cell seeded polyglycolide/polylactide (PGA/PLA) 
biodegradable scaffolds for augmentation cystoplasty in patients with spina bifida (n=10)
14
. 
Notably, there was no improvement in bladder capacity on urodynamics after 1-year or 3-
years with 5 patients requiring re-operation in the form of a conventional ileocystoplasty
14
. 
Limitations with mechanical durability and poor compliance in vivo need to be addressed 
before tissue-engineered biomaterials can reliably replace autologous GI tissue in 
reconstructive urology. 
 
Although the long-term metabolic adverse effects of GI tissue segments are well described 
and should be considered; our results provide new information on their mechanical 
limitations in a urological environment. Ileal tissue is the most frequently utilised bowel 
segment for reconstructing the urinary bladder; however, it is considerably stiffer compared 
to stomach, transverse colon and descending colon tissue, figure 3. Table 1 lists the Cauchy 
stress value for each tissue at a stretch ratio of 1.6 (i.e. 60% of stretch, or 0.6 strain) and the 
strain at Cauchy stress of 50 kPa offers further insight into the mechanical response of the 
various tissues. GI tissues are found to have lower values of strain at 50 kPa, and the 
converse trend for Cauchy stress values at 1.6 stretch ratio (or 0.6 strain). This trend 
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highlights the innate distensibility of the urinary bladder as it fills and the pronounced 
difference in its mechanical response relative to GI tissues. Although gastric tissue is 
associated with significant metabolic side-effects, our mechanical findings indicate that it 
conveys ideal mechanical properties for bladder replacement purposes. 
 
Our secondary findings also highlight that most GI tissue segments demonstrate increased 
anisotropy over the stiff linear region relative to the urinary bladder, albeit not statistically 
significant. The apparent anisotropic behaviour of GI tissue noted herein has not previously 
been characterised until the present study where we demonstrate that GI tissue segments 
generally exhibit a higher Young’s modulus when extended in the axial direction relative to 
the circumferential direction. This finding may have important clinical implications as it 
suggests that GI tissue should be preferentially oriented along its circumferential axis when 
applied to reconstruct the urinary bladder as this orientation is likely to accommodate larger 
volume increases at lower pressure values relative to axially orientated GI tissues. Other 
important factors such as blood supply, three-dimensional spherical characteristics and 
neuromechanical properties should also be considered in this clinical setting. 
 
. However, porcine tissue samples were initially selected because their 
biomechanical properties closely resemble those of human tissue
11, 12
. It is also arguable that 
mechanical properties may have been altered due to the ex vivo nature of the experimentation. 
However, we have previously demonstrated that ex vivo organ tissue characterisation 
techniques can compromise cellular properties while mechanical properties remain largely 
unaffected
7
. A further limitation of this study is that testing is conducted on 2-dimensional 
samples rather than the more anatomically accurate 3-dimension spherical bladder 
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configuration. However, in a previous study by our group we evaluated the 2-dimensional 
mechanical properties of tissue-engineered ECM scaffolds and assessed their impact on 3-
dimensional spherical bladder capacity and compliance after partial cystectomy in ovine 
models. Our results demonstrated that bladder capacity decreases by approximately 40% and 
compliance values (ΔV/ΔP) also deteriorate by approximately 40% with mechanically limited 
ECM scaffolds in place of distensible bladder tissue. Therefore, a deterioration in capacity 
and compliance values is likely to occur when the 2-dimensional mechanical properties of GI 
tissue are translated into the 3-dimensional bladder structure (15). 
 
5.0 Conclusion 
This study characterizes and compares the mechanical properties of the urinary bladder with 
GI tissue for bladder substitution purposes. An ideal urinary bladder replacement biomaterial 
should demonstrate mechanical equivalence to the native tissue. Our findings demonstrate 
that autologous GI tissue does not meet these requirements. The continued development of 
tissue-engineered urological substitutes may ultimately replace GI tissue segments in the 
future if mechanical equivalence to the urinary bladder can be reliably demonstrated. 
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Figure 1: Cauchy stress-stretch ratio response curves of porcine bladder tissue (black dash 
line, n=6, 3 technical replicates) in two perpendicular directions (a: cranial to caudal; C-C, b: 
dorsal to ventral; D-V). 
Legend: Red dash line represents the averaged Cauchy stress/stretch ratio response of the 
bladder tissue. Insert illustrates the region (line denoted as ‘Stiff’) over which Young’s 
modulus was calculated from the Cauchy stress/stretch ratio response plot. 
 
Figure 2: Cauchy stress-stretch ratio response curves of porcine stomach layers (a-b, n=3 
replicates) and colonic tissues (c-h, n=6 replicates) in two perpendicular directions (axial/C-C 
– grey dots, circumferential/M-L – black dots) harvested from porcine gastrointestinal 
systems. 
 
Figure 3: Averaged strain at 50 kPa of bladder, stomach and colonic tissues of porcine GI 
system (n=6, 3 technical replicates). 
Legend: Error bars indicate standard error of the mean, and asterisk (*) denotes statistical 
significance (one-way anova, P≤0.05) 
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